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Abstract
Background/Aims
Studying the gut microbiota in unaffected relatives of people with Crohn’s disease (CD) may
advance our understanding of the role of bacteria in disease aetiology.
Methods
Faecal microbiota composition (16S rRNA gene sequencing), genetic functional capacity
(shotgun metagenomics) and faecal short chain fatty acids (SCFA) were compared in unaf-
fected adult relatives of CD children (CDR, n = 17) and adult healthy controls, unrelated to
CD patients (HUC, n = 14). The microbiota characteristics of 19 CD children were used as a
benchmark of CD ‘dysbiosis’.
Results
The CDR microbiota was less diverse (p = 0.044) than that of the HUC group. Local contri-
bution of β-diversity analysis showed no difference in community structure between the
CDR and HUC groups. Twenty one of 1,243 (1.8%) operational taxonomic units discrimi-
nated CDR from HUC. The metagenomic functional capacity (p = 0.207) and SCFA concen-
tration or pattern were similar between CDR and HUC (p>0.05 for all SCFA). None of the
KEGG metabolic pathways were different between these two groups. Both of these groups
(HUC and CDR) had a higher microbiota α-diversity (CDR, p = 0.026 and HUC, p<0.001)
with a community structure (β-diversity) distinct from that of children with CD.
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Conclusions
While some alterations were observed, a distinct microbial ‘dysbiosis’, characteristic of CD
patients, was not observed in their unaffected, genetically linked kindred.
Introduction
Crohn’s disease (CD) clusters within families, yet more than 150 host genes collectively
explain only a minor fraction of the overall disease risk[1]. A discordant risk of CD in
monozygotic twins[2], points to the importance of non-genetic factors, including diet and
the intestinal microbiota. A distinct gut microbiota in CD has consistently been described
in the literature[3], and while the evidence is in favour of a primary role in the aetiology of
the disease, no specific bacterial taxon has yet been convincingly implicated as fundamental
to CD pathophysiology. It is also unclear whether microbial perturbations precede or follow
disease initiation and the contributory effect of gastrointestinal inflammation as shown pre-
viously [2, 4].
Studying the gut microenvironment in unaffected relatives of people with CD presents an
opportunity to clarify the role of the gut microbiota in the aetiology of CD, in a population
where genetics, environment and dietary risk exposures are likely to be similar to those of pro-
bands. Previous research in CD families has focused almost exclusively on the compositional
differences of the faecal and mucosal microbiota but the findings remain inconsistent [5–10]
and only a few studies provided a depiction of the global gut microbiota, using modern high-
throughput sequencing techniques. As microbial composition does not reflect community
function, there is now a pressing need to shift the paradigm from studies exploring composi-
tional differences to those assessing functionality; the latter being potentially more relevant in
health and disease. Studies which have explored both the composition and functionality of gut
microbiota in IBD are currently lacking.
In this study, we hypothesised that the gut microbiota composition and functionality of
unaffected relatives of patients with CD will be perturbed but the magnitude of observed alter-
ations will be lower than those seen in their affected, genetically-linked kindred. For the first
time in the literature we characterised the entire faecal bacterial community structure and
genetic functional capacity, combining 16S rRNA gene amplicon and shotgun metagenomic
sequencing, and measurement of major bacterial metabolites, repeatedly implicated in the
pathogenesis of CD. We also attempted to reproduce the findings of previous similar research
within the dataset produced in the current study.
Material & methods
Subjects & samples
Faecal samples were collected from 17 otherwise healthy, first-degree relatives of children
with CD (CDR) and 14 controls unrelated to people with inflammatory bowel disease
(HUC) (Table 1). A group of 19 children with CD on contemporary treatment, 16 of
whom were blood-related to the CDR group, were used as a benchmark of the faecal ‘dys-
biosis’ characteristics of CD (Table 1). All but two of the CDR participants were living in
the same house with their CD relatives and one CD child was related to two participants
from the CDR group. No participant had received antibiotics for at least two months prior
to recruitment.
The gut microbiome of IBD relatives
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16S rRNA gene amplicon sequencing
The composition of the gut microbiota was explored with amplicon sequencing of the 16S
rRNA gene in the entire cohort. Bacterial DNA was isolated from faecal samples using bead-
beating combined with the chaotropic method[11]. In brief, 200 mg of faeces were suspended
in 250 μl of 4M guanidine thiocyanate (Sigma-Aldrich, UK), 0.1M Tris (pH 7.5) and 40 μl of
10% N-lauroyl sarcosine (Sigma-Aldrich, UK) buffer. After addition of 500 μl of 5% N-lauroyl
sacrosine in 0.1 M phosphate buffer (pH 8) the sample was incubated at 70˚C for 1 hour. Ster-
ile zirconium beads (375 μl of 0.1 mm; Thistle Scientific, UK) were added and the bacterial
cells were lysed (MP FastPrep 24, MP Biomedicals, California, USA) at 4.5 speed, three times
for 60 sec. Polyvinylpolypyrrolidone (Sigma-Aldrich, UK) (15 mg) was added to the sample,
which was vortexed and centrifuged at 15,000 × g at 4˚C. The supernatant was collected and
the pellet washed three times in total with 500 μl TENP (50 mM Tris [pH 8], 20 mM EDTA
[pH 8], 100 mM NaCl, 1% polyvinylpolypyrrolidone (Sigma-Aldrich) and centrifuged for 3
min at 15,000 × g each time. Nucleic acids were precipitated by the addition of 1 ml of isopro-
panol for 10 min at room temperature and centrifuged for 5 min at 15,000 × g. The pellet was
resuspended and pooled in 450 μl 100 mM phosphate buffer, pH 8, and 50 μl of 5 M potassium
acetate (Sigma-Aldrich, UK). The sample was left in a fridge overnight. Following centrifuga-
tion at 15,000 × g for 30 min, the supernatant was collected and 2 μl of RNAse (RNAase ONE,
Promega) added. The mixture was incubated at 37˚C for 30 min. DNA was precipitated by the
addition of 50 μl of 3 M sodium acetate (Sigma-Aldrich, UK) and 1 ml of ice-cold absolute eth-
anol. The sample was left for 30 min at room temperature or overnight at -20˚C. DNA was
recovered after centrifugation at 15,000 × g for 15 min, washed with 70% ice cold ethanol,
dried, and resuspended in Tris-EDTA buffer. Sequencing of the V4 region of 16S rRNAgene
Table 1. Subject characteristics.
CD (n = 19) CDR (n = 17) HUC (n = 14)
Gender, n: F/M 6/13 8/9 6/8
Age, y 12.2 (10.9:13.8) 40.0 (36.5:45.0) 39.6 (36.6:49.8)
FC, mg/kg 2055 (1083:2355) 66 (36:224) <5 (5–28)
FC> 200 mg/kg, n (%) 17 (89) 4 (24) 0 (0)
CRP, mg/L 7 (7:13)
ESR, mm/h 20.5 (10:39.3)
Albumin, g/L 36.0 (32.5:38.5)
PCDAI 15 (7.5:25)
PCDAI < 10, n (%) 6 (35)
*L2, n (%) 3 (16)
*L2+L4, n (%) 5 (26)
*L3, n (%) 2 (11)
*L3+L4, n (%) 9 (47)
Azathioprine, n (%) 11 (58)
5-ASAs/methotrexate, n (%) 7 (37)
Steroids, n (%) 4 (21)
Biologics, n (%) 1 (5)
Data are presented with median and interquartile ranges; CD: Children with Crohn’s disease, CDR: Unaffected blood relatives of children with Crohn’s
disease, HUC: Healthy controls unrelated to patients with inflammatory bowel disease; FC: Faecal calprotectin; PCDAI: Paediatric Crohn’s Disease Activity
Index
* Montreal classification.
doi:10.1371/journal.pone.0172605.t001
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was performed on the MiSeq (Illumina) platform using 2 × 250 bp paired-end reads as
described previously[3].
Shotgun metagenome sequencing
The genetic functional capacity of the gut microbiota was assessed in a random sample (using
the RAND function of Microsoft Excel1) of 35 subjects (CD children, n = 11; CDR, n = 10;
HUC, n = 14) with shotgun metagenomic sequencing of the entire bacterial genome on a
HiSeq 2500 (Illumina) using the Nextera XT Prep Kit and Index kit and TruSeq Rapid SBS Kit
reagents. Sequencing was performed following a paired-end 150 cycle recipe as described pre-
viously [3]. There was no significant difference in age or sex between the entire group and the
subset used for metagenomic analysis [CDR: age p = 0.819, sex p = 0.729 and CD group: age
p = 0.460, sex p = 0.387]
Quantitative analysis of metabolites implicated in the pathogenesis of
CD
The faecal short chain fatty acids (SCFA) acetate, propionate and butyrate, major anti-inflamma-
tory and immunomodulatory bacterial metabolites [12], previously implicated in the aetiology of
CD [13] were measured in diethyl ether extracts by gas chromatography using a TRACE™ 2000
gas chromatograph (ThermoQuest Ltd, Manchester, UK) equipped with a flame ionisation
detector (250˚C) and Zebron ZB-Wax capillary column (15 m x 0.53 mm x 1 μm), made of poly-
ethylene glycol (Phenomenex, Cheshire, UK) [11]. The carrier gas was Nitrogen (30 ml/min).
Internal standard (86.1 mmol/l, 3-methyl-n-valeric acid, Sigma-Aldrich, UK) and concentrated
orthophosphoric acid were added to 50 mg of freeze-dried faecal material stored in 1M NaOH.
The mixture was extracted three times with 3 ml diethyl ether, centrifuged and the ether layers
pooled. One microlitre of ether extract was automatically injected (230˚C, splitless) into the col-
umn. The column temperature was held at 80˚C for 1 min, increased at 15˚C/min until 210˚C
and held for 1 min. The chromatograms were analysed using Chrom-Card 32 version 1.07β5
(ThermoQuest, Milan, Italy). Authentic external standards were used as calibrators (166.5
mmol/l acetic, 135.0 mmol/l propionic, 113.5 mmol/l n-butyric, Sigma-Aldrich, UK). Results
were presented per mass of faecal material (μmol/g) and as proportional ratio (%) to total SCFA.
Bioinformatics analysis
16S rRNA dataset. We trimmed and filtered the paired-end sequencing reads using Sickle
v1.200[14] by applying a sliding window approach and trimming regions where the average
base quality drops below 20. After this, we applied a 10bp length threshold to discard reads
that fall below this length. We then used pandaseq (v 2.4) with a minimum overlap of 50bp to
assemble the forward and reverse reads into a single sequence spanning the entire V4 region
[15]. After having obtained the consensus sequences from each sample, we used the UPARSE
(v7.0.1001) as described in https://bitbucket.org/umerijaz/amplimock/src for operational taxo-
nomic unit (OTU) construction. The approach was as follows: we pooled the reads from differ-
ent samples together and added barcodes to keep an account of the samples these reads
originated from. We then de-replicated the reads and sorted them by decreasing abundance
and discarded singletons. Reads were then clustered based on 97% similarity, discarding reads
shorter than 32bp. Even though the cluster_otu command in usearch removes reads that have
chimeric models built from more abundant reads, a few chimeras may be missed, especially if
they have parents that are absent from the reads or are present in very low abundance. There-
fore, in the next step, we used a reference-based chimera filtering step using a gold database
(http://drive5.com/uchime/uchime_download.html) that is derived from the ChimeraSlayer
The gut microbiome of IBD relatives
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reference database in the Broad Microbiome Utilities (http://microbiomeutil.sourceforge.net/).
The original barcoded reads were matched against clean OTUs with 97% similarity (a proxy for
species level separation) to generate OTU tables for different samples. The representative OTUs
were then taxonomically classified against the RDP database using the standalone RDPclassifier
v2.6[16] with the default—minWords option of 5. To find the phylogenetic distances between
OTUs, we first multisequence aligned the OTUs against each other using mafft v7.040[17] and
then used FastTree v2.1.7 on these alignments to generate an approximately-maximum-likeli-
hood phylogenetic tree[18].
Shotgun metagenomics sequencing dataset. Whole-genome shotgun metagenomics
reads were trimmed for Nextera adaptors and low-quality ends using Trimmomatic[19]. These
were screened against the hg18 human reference genome using Bowtie2[20], with any matching
sequences discarded. Reads were subsampled to 2 million reads and assigned to functional cate-
gories through alignment to Kyoto Encyclopedia of Genes and Genomes (KEGG) release 58.0
(April 1, 2011) using RAPSearch2 using a translated nucleotide to amino acid search. Align-
ments were assigned to KEGG metabolic pathways using HUMAnN[21]. HUMAnN uses
KEGG orthology as well as orthologus families of genes and calculates coverages as pathway
presence/absences. It also uses MinPath[22] to filter out pathways that have very little evidence.
Statistical analysis
Statistical analysis was performed in R software and was similar for the 16S rRNA and metage-
nomic datasets unless otherwise stated. Where appropriate, the abundance data was normal-
ised[23] choosing log-relative transformation before doing statistics for downstream analysis.
To find OTUs that are significantly different between the conditions, we used the DESeq2
package[24]. This uses a negative binomial to model the abundance data (OTU frequencies)
and empirical Bayes to shrink OTU-wise dispersions to identify OTUs that have the maximum
log-fold changes between different conditions. Differential expressions were tested by per-
forming a Wald test on shrunken log-fold changes adjusted for multiple comparisons. For
community analysis (including alpha and beta diversity analyses) we used the Vegan package
[25], in particular the two functions adonis for PERMANOVA and betadisper for the analysis
of multivariate homogeneity of group dispersions. The p-values reported in such a case were
those returned by the functions themselves. Microbial compositional structure was assessed
using non-metric multidimensional scaling plot (NMDS). We applied the Bray-Curtis dissimi-
larity index, which considers bacterial taxon presence and abundance, but also the unweighted
Unifrac distance analysis which takes into account the phylogenetic distances (relatedness) of
the bacterial taxa, without accounting for their abundance. Specifically, the abundance table was
converted to a presence/absence table in the case of unweighted Unifrac distance. The taxa pres-
ent in one or both samples were then placed on the phylogenetic tree. The distance between two
samples was then calculated as the sum of unshared (taxa not common) branch lengths divided
by the sum of all tree branch lengths, both shared (taxa common) and unshared, between pair of
samples. To calculate Unifrac distances, we used the Phyloseq[26] package. We also performed
local contribution for β-diversity (LCBD) analysis to measure the contribution of each sample to
the total OTU β-diversity, calculated from all study samples together (% of total community dis-
persion) [27]. Samples with high LCBD represent samples that are markedly different from the
average β-diversity of all study samples. For differences in metagenomic metabolic pathways, we
used the Kruskal-Wallis test. For correlations between SCFA and discriminatory OTUs, we used
Kendall rank correlation. For α-diversity, subanalysis was also performed accounting for the
genetic relatedness of participants from the CD and CDR group (paired data). We used the Ben-
jamini-Hochberg correction for multiple testing in all analyses. The authors maintain the general
The gut microbiome of IBD relatives
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scripts as well as tutorials for the above analyses at http://userweb.eng.gla.ac.uk/umer.
ijaz#bioinformatics.
Ethical considerations
Approval to conduct the study was granted by the Yorkhill Hospital Research Ethics Committee
(Reference Number: 05/S0708/66). Carers and patients provided written informed consent.
Results
Faecal calprotectin
Faecal calprotectin (mg/kg) was significantly higher in CD children (median; IQR: 2,055;
1,083–2,355; p<0.001) and CDR (median; IQR: 66; 36–224; p<0.001) than HUC (median;
IQR: <5;<5–28). Four out of the 17 (23%) unaffected relatives had calprotectin values above
200 mg/kg. Faecal calprotectin was within the reported normal adult range (<50 mg/kg) in all
samples from the HUC group (Table 1). Six children with CD (35%) had a Paediatric Crohn’s
Disease Activity Index less than 10 suggestive of clinical disease remission (Table 1).
Faecal microbiota community structure
When we looked at microbiota community structure (β-diversity), there was no difference
between the CDR and HUC groups, but both of these were distinct from the communities of CD.
This was evident from the NMDS plot for the Bray-Curtis dissimilarity index (Fig 1, Panel A) and
the unweighted Unifrac distance analysis (Fig 1, Panel B) which takes into account the phyloge-
netic relatedness of the bacterial taxa, without accounting for their abundance. LCBD analysis
showed that the gut microbiota structure of CD individuals was different to the microbiota of the
other two groups, but no difference was seen between the CDR and HUC (Fig 1 Panel C).
Using the betadisper function of the R vegan package, the variation in community structure
among samples of the same participant group (measured as the distance of each sample from
their respective group ellipse centroid), was significantly different between the three groups
for bacterial taxon abundance (i.e. Bray-Curtis) but not their phylogenetic relatedness
(unweighted Unifrac). This significant difference in Bray-Curtis similarity index was due to a
higher variation in the microbial community structure of the samples of the CD group com-
pared with the samples from the two adult groups where community structure was more
homogeneous (Bray-Curtis, CD vs CDR, p = 0.035; CD vs HUC, p<0.001). Notably, within
the CDR group, where faecal calprotectin varied among subjects, there was a tendency for the
community structure of the gut microbiota of subjects with increased faecal calprotectin to
diverge from those with normal levels (Bray-Curtis, p = 0.07; unweighted Unifrac, p = 0.14)
(Fig 1, Panel A & B).
Both groups (CDR and HUC) presented a significantly higher (both p<0.05) microbiota
diversity richness and evenness (Shannon α-diversity index) than CD (Fig 1, Panel D). Between
them, the microbiota diversity was lower in the CDR compared with the HUC groups (p = 0.044)
(Fig 1, Panel D). Results remained the same when analysis was performed considering the genetic
relatedness of the participants in CDR and CD groups (p = 0.039). There was no significant cor-
relations between the α-diversity index with the concentration of faecal calprotectin in all three
groups (CD, p = 0.440; CDR, p = 0.901; HUC, p = 0.440).
Bacterial taxon relative abundance
The relative abundance of 89 OTUs were significantly different between the CD and CDR
group (S1 Fig). Collectively, and in close agreement with previous research, which compared
The gut microbiome of IBD relatives
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CD microbiota characteristics with unrelated controls [3, 28], we observed a reduction in the
abundance of OTUs belonging predominantly to Ruminococcaceae, Lachnospiraceae, as well as
in the genera Phascolarctobacterium, Parabacteroides, Akkermansia and Methanobrevibacter.
Likewise a respective increase was observed in OTUs from Enterobacteriaceae, Pasteurellaceae,
Veillonella, Dorea, Anaerostipes, Enterococcus genera, Clostridium_XVIII and Clostridium_XlVa
clusters, in CD compared with their genetically linked kindred (S1 Fig).
At individual bacterial taxon level, the relative abundance of 21 of 1,243 OTUs (1.8% of all)
was significantly different between the CDR and HUC groups (Fig 2). This proportion was
lower than the number of OTUs which differed between CD and CDR (89 of 1,159; 7.7%) or
Fig 1. Microbiota composition and functionality characteristics of unaffected relatives of children with Crohn’s disease, their unaffected
relatives and healthy controls with no familial history of IBD. A) Non-metric multidimensional scaling (NMDS) plot using Bray-Curtis dissimilarity index
which considers bacterial taxon presence and abundance. B) Non-metric multidimensional scaling (NMDS) plot using Unifrac phylogenetic distances
which takes into account the phylogenetic distances (relatedness) of the bacterial taxa, without accounting for their abundance; The ellipses in A and B
represent the 95% confidence intervals based on the standard errors of the average of the axis scores for each group using the ordiellipse function of the
R’s vegan package C) Local contribution of β-diversity (LCBD) analysis which considers the contribution of each sample to the total OTU β-diversity,
calculated from all study samples together (% of total community dispersion); D) Shannon α-diversity (expressed in richness equivalents) based on
operational taxonomic unit assignments (OTU) (p = 0.039 when accounting for the genetic relatedness of the participants in the CDR and CD group using
paired data analysis); E) Diversity of KEGG metabolic pathways based on metagenomics sequencing (p = 0.127 when accounting for the genetic
relatedness of the participants in the CDR and CD group using paired data analysis); F) Faecal short chain fatty acids (μmol/g and % of total SCFA); The
size of the dot is proportional to the concentration of faecal calprotectin; CD: Children with Crohn’s disease, CDR: Unaffected blood relatives of children
with Crohn’s disease, HUC: Healthy controls unrelated to patients with inflammatory bowel disease.
doi:10.1371/journal.pone.0172605.g001
The gut microbiome of IBD relatives
PLOS ONE | DOI:10.1371/journal.pone.0172605 February 21, 2017 7 / 13
HUC group (113 of 1,180; 9.6%). From the 21 OTUs which differentiated CDR from HUC,
none was significantly associated with calprotectin within the former group. The relative abun-
dance of OTUs which belonged to the Catenibacterium spp., Clostridiales, Lachnospiraceae,
Blautia genus, Ruminococcus genus and Howardella spp. were significantly lower in the CDR
than the HUC group (Fig 2). In contrast, OTUs belonging to Clostridiales, Lachnospiraceae,
Ruminococcaceae, Dialister, Bifidobacterium and Streptococcus genera were significantly more
abundant in CDR participants (Fig 2).
When we compared these 21 discriminatory OTUs with those we described previously in
the literature [3], between children with CD and their age matched controls, four of these
OTUs were identical (Fig 2). With reference to their nearest taxonomic classification, all these
OTU belonged to the Clostridiales order. Two of them were significantly higher and two signif-
icantly lower in the CDR compared with the HUC group (Fig 2). One of them, Coprococcus
eutactus, a butyrate producer which was significantly higher in the unaffected relatives, was
resolved at 100% identity and 100% coverage in the NCBI database. None of these OTUs was
significantly associated with calprotectin within the CDR group.
Fig 2. Log-relative abundances of OTUs which differentiated unaffected relatives of children with Crohn’s disease and healthy controls with
no familial history of the disease. Taxonomic classification is given at the highest level of phylogenetic resolution. Within red box frames those OTUs
which were identical to the ones which differed between children with CD and healthy paediatric controls in a previous study [3]. CDR: Unaffected blood
relatives of children with Crohn’s disease, HUC: Healthy controls unrelated to patients with inflammatory bowel disease.
doi:10.1371/journal.pone.0172605.g002
The gut microbiome of IBD relatives
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Cross-validation of results from previous research
When we attempted to reproduce findings of previous similar research by other groups within
our own dataset[7, 8], no consensus was found for most candidate taxa tested, except for spe-
cies belonging to Collinsella. Three of the eight OTUs assigned to this taxon were significantly
lower in CDR than HUC participants, a finding which accords to observations made by Joos-
sens et al for Collinsella aerofaceins[8]. In contrast to the results by Hedin et al[7], no signifi-
cant differences were observed between CDR and HUC for nine OTUs assigned to Roseburia
and six OTUs assigned to Faecalibacterium prausnitzii. From the 11 OTUs which were
assigned to Ruminococcus, one differed between CDR and HUC but the direction of this
change was opposite to the one reported previously for Ruminococcus torques [8].
Genetic functional capacity and bacterial metabolites
When metagenomic reads were assigned to KEGG metabolic pathways with HUMAnN, no sig-
nificant difference in gene richness equivalents, were observed between CDR and HUC (Fig 1,
Panel E). None of the metabolic pathways differed between these two groups after adjusting for
multiple testing. In contrast, the genetic functional capacity of the CDR and HUC groups was
(CD vs CDR, p = 0.047) or tended to be higher (CD vs HUC, p = 0.081) than that of CD and in
accordance with our previous research (Fig 1, Panel E) [3]. In pairwise comparison between
groups, the relative abundance of two KEGG pathways involved in aminoacyl-tRNA biosynthe-
sis and ribosome function were significantly lower in CD than CDR patients (S2 Fig).
With regard to SCFA, no significant differences were found in the concentration or propor-
tional ratio (%) of any of the three major SCFA between the three groups (Fig 1, Panel F).
Among the discriminatory OTUs, between CDR with CD, the percentage propionate in CD
participants was negatively correlated with two OTUs belonging to Veillonella and positively
with an OTU from Phascolarctobacterium (S3 Fig), a genus which includes species which con-
vert succinate to propionate [29]. No significant correlations were observed between any of
the SCFA with OTUs which discriminated the CDR from the HUC group, after correcting for
multiple testing (S4 Fig).
Discussion
In this study, we observed fewer, than anticipated, perturbations in the composition and func-
tionality of the microbiota of unaffected relatives of patients with CD. Healthy status was the
strongest microbiota composition classifier. The CDR microbiota was significantly different to
that of their relatives with CD and the taxon alterations we observed were similar to those
reported between CD patients and unrelated controls in independent literature [28]. By infer-
ence, these findings suggest that an extensively altered microbiota, characteristic of CD dysbio-
sis, is not evident in genetically-linked unaffected relatives. This finding accords with previous
research where the faecal microbial communities were found to be more similar between
healthy identical twins than between twins with CD, especially those who were discordant for
the disease[5]. Importantly, the observed perturbations in the microbiota of CDR participants
were associated with composition rather than genetic functional capacity or the pattern of
SCFA. These findings point towards a preservation of the microbial community functional
capacity despite some alterations in microbiota composition in unaffected relatives of CD
patients.
While we have identified 21 taxa which differentiated the CDR from the HUC participants,
this was a small fraction of the overall community and the extensive differences observed
when each of these groups was compared with CD. Furthermore, as these taxa were not associ-
ated with faecal calprotectin, their role in the aetiology of CD may be less important.
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Replication of these findings by future research is required to infer their causal association to
CD pathogenesis.
Comparison of the results of this study with previous research is not trivial but rather chal-
lenging, considering the differences among studies in the methodology used (particularly with
regards to DNA extraction, 16S region amplified, sequencing methodology and bioinformatic
approach) and the subsequent depth of taxonomic resolution that each study applied to char-
acterise the bacterial composition. In this study, we characterised bacterial taxa approximating
species level and our results suggest that discriminant OTUs belonging to the same phyloge-
netic order or family were not only different between the CDR and HUC groups but the direc-
tion of this difference was not always the same
Alterations in specific taxa presented in previous research, were replicated only for species
belonging to Collinsella [5–7]. However, the less diverse microbiota we observed in the CDR
participants is in accordance with the results of Hedin, et al in siblings of patients with CD [6].
A tendency for the community structure of CDR participants with raised faecal calprotectin
to diverge further than those of their counterparts with no colonic inflammation is intriguing
and agrees with previous research[6]. This finding may indicate a transient effect of colonic
inflammation on gut microbiota composition[2, 4] or the reverse, activation of the immune
system by an unstable and perturbed microbiota. Whether or not it suggests a mid-way point
from health to the development of Crohn’s disease warrants further exploration. Biomarkers
of disease susceptibility in health relatives would be a helpful clinical tool to allow the develop-
ment of preventative strategies. In this study we did not explore whether raised levels of calpro-
tectin and an associated perturbed microbiota persisted over time, nor the proportion of
relatives who developed CD later in life. Ongoing large scale multicentre studies http://www.
gemproject.ca/, prospectively following subjects at high risk of CD development will be well
placed to unravel this important observation and its clinical relevance.
Collectively, these early data suggest that the distinct microbiota ‘dysbiosis’, consistently
observed in people with CD, occurs to a much lower extent in their healthy genetically-linked
counterparts. It is therefore possible that major loss of ‘normobiosis’ either occurs close to dis-
ease onset or is a secondary effect of the illness [10].
The main limitation of this study is the modest number of participants, albeit comparable to
or larger than previous reports [5–7, 10]. The inherent cost and complexity of multi-omics
research at present tends to limit sample size for exploratory research such as this study. We
have nonetheless corrected for multiple testing in our analysis to avoid type I error, however in
doing so we may have introduced a type II error in some of our statistical analyses. CD patients
were not controlled for medication use, disease phenotype or disease activity. Each of these
might have affected their microbiota [30] and confounded the results of this study. Inclusion of
an adult cohort of CD patients, blood-related to unaffected relatives, would have been ideal in
this study but unfortunately this was not available and an age difference may have confounded
some of our results. None of the participants were on antibiotics or exclusive enteral nutrition,
however, both of which have shown clear effects on microbiota in previous research [3].
In conclusion, some alterations were observed in the gut microbiota of unaffected relatives
of CD children but a distinct microbial ‘dysbiosis’ similar to that observed in CD was not evi-
dent. Further consideration should be given to describing the microbial change seen during
transition from health to establishment of CD.
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S1 Fig. Log-relative abundances of OTUs which differentiated children with CD from their
unaffected relatives. 1: Taxonomic classification is given at the highest level of phylogenetic
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S4 Fig. Kendal rank correlations between individual SCFA and the relative abundance of
discriminatory OTUs between CDR and HUC. CDR: Unaffected blood relatives of children
with Crohn’s disease; HUC: Healthy controls unrelated to patients with inflammatory bowel
disease. SCFA: Short Chain Fatty Acids
(PDF)
S1 Table. Metadata associated with the samples and description of sequencing data.
(CSV)
Author Contributions
Conceptualization: LH CAE PM RKR KG.
Data curation: UZI KG.
Formal analysis: UZI CQ KG.
Funding acquisition: KG CAE RKR CQ PM.
Investigation: LH STC MB DRG RH RKR PM KG.
Methodology: UZI CQ LH NL STC MB KG.
Project administration: KG.
Resources: UZI CQ LH NL STC MB CAE DRG RH PM RKR KG.
Software: UZI CQ NL.
Supervision: KG CAE PM RKR.
Visualization: UZI KG.
Writing – original draft: KG UZI.
Writing – review & editing: UZI CQ LH CAE DRG RH PM RKR KG.
References
1. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-microbe interactions
have shaped the genetic architecture of inflammatory bowel disease. Nature. 2012; 491(7422):119–24.
PubMed Central PMCID: PMC3491803. doi: 10.1038/nature11582 PMID: 23128233
2. Halfvarson J, Bodin L, Tysk C, Lindberg E, Jarnerot G. Inflammatory bowel disease in a Swedish twin
cohort: a long-term follow-up of concordance and clinical characteristics. Gastroenterology. 2003; 124
(7):1767–73. PMID: 12806610
The gut microbiome of IBD relatives
PLOS ONE | DOI:10.1371/journal.pone.0172605 February 21, 2017 11 / 13
3. Quince C, Ijaz UZ, Loman N, Eren AM, Saulnier D, Russell J, et al. Extensive Modulation of the Fecal
Metagenome in Children With Crohn’s Disease During Exclusive Enteral Nutrition. The American jour-
nal of gastroenterology. 2015; 110(12):1718–29. PubMed Central PMCID: PMC4697132. doi: 10.1038/
ajg.2015.357 PMID: 26526081
4. Teran-Ventura E, Aguilera M, Vergara P, Martinez V. Specific changes of gut commensal microbiota
and TLRs during indomethacin-induced acute intestinal inflammation in rats. Journal of Crohn’s & coli-
tis. 2014; 8(9):1043–54.
5. Dicksved J, Halfvarson J, Rosenquist M, Jarnerot G, Tysk C, Apajalahti J, et al. Molecular analysis of
the gut microbiota of identical twins with Crohn’s disease. The ISME journal. 2008; 2(7):716–27. doi: 10.
1038/ismej.2008.37 PMID: 18401439
6. Hedin C, van der Gast CJ, Rogers GB, Cuthbertson L, McCartney S, Stagg AJ, et al. Siblings of patients
with Crohn’s disease exhibit a biologically relevant dysbiosis in mucosal microbial metacommunities.
Gut. 2015.
7. Hedin CR, McCarthy NE, Louis P, Farquharson FM, McCartney S, Taylor K, et al. Altered intestinal
microbiota and blood T cell phenotype are shared by patients with Crohn’s disease and their unaffected
siblings. Gut. 2014; 63(10):1578–86. doi: 10.1136/gutjnl-2013-306226 PMID: 24398881
8. Joossens M, Huys G, Cnockaert M, De Preter V, Verbeke K, Rutgeerts P, et al. Dysbiosis of the faecal
microbiota in patients with Crohn’s disease and their unaffected relatives. Gut. 2011; 60(5):631–7. doi:
10.1136/gut.2010.223263 PMID: 21209126
9. Michielan A, Basso D, Martinato M, Pathak S, Banerjee A, Oliva L, et al. Increased antibody response
to microbial antigens in patients with Crohn’s disease and their unaffected first-degree relatives. Diges-
tive and liver disease: official journal of the Italian Society of Gastroenterology and the Italian Associa-
tion for the Study of the Liver. 2013; 45(11):894–8.
10. Willing B, Halfvarson J, Dicksved J, Rosenquist M, Jarnerot G, Engstrand L, et al. Twin studies reveal
specific imbalances in the mucosa-associated microbiota of patients with ileal Crohn’s disease. Inflam-
matory bowel diseases. 2009; 15(5):653–60. doi: 10.1002/ibd.20783 PMID: 19023901
11. Gerasimidis K, Bertz M, Hanske L, Junick J, Biskou O, Aguilera M, et al. Decline in presumptively pro-
tective gut bacterial species and metabolites are paradoxically associated with disease improvement in
pediatric Crohn’s disease during enteral nutrition. Inflammatory bowel diseases. 2014; 20(5):861–71.
doi: 10.1097/MIB.0000000000000023 PMID: 24651582
12. Meijer K, de Vos P, Priebe MG. Butyrate and other short-chain fatty acids as modulators of immunity:
what relevance for health? Current opinion in clinical nutrition and metabolic care. 2010; 13(6):715–21.
Epub 2010/09/09. doi: 10.1097/MCO.0b013e32833eebe5 PMID: 20823773
13. Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroenterology. 2008; 134(2):577–
94. Epub 2008/02/05. doi: 10.1053/j.gastro.2007.11.059 PMID: 18242222
14. Joshi NAF, J.N Sickle: A sliding-window, adaptive, quality-based trimming tool for fastq files. Version
1.212011 18/11/2015. Available from: https://github.com/najoshi/sickle.
15. Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD. PANDAseq: paired-end assembler
for illumina sequences. BMC bioinformatics. 2012; 13:31. PubMed Central PMCID: PMC3471323. doi:
10.1186/1471-2105-13-31 PMID: 22333067
16. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Applied and environmental microbiology. 2007; 73
(16):5261–7. PubMed Central PMCID: PMC1950982. doi: 10.1128/AEM.00062-07 PMID: 17586664
17. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in per-
formance and usability. Molecular biology and evolution. 2013; 30(4):772–80. PubMed Central PMCID:
PMC3603318. doi: 10.1093/molbev/mst010 PMID: 23329690
18. Price MN, Dehal PS, Arkin AP. FastTree 2—approximately maximum-likelihood trees for large align-
ments. PloS one. 2010; 5(3):e9490. PubMed Central PMCID: PMC2835736. doi: 10.1371/journal.pone.
0009490 PMID: 20224823
19. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinfor-
matics (Oxford, England). 2014; 30(15):2114–20. ubMed Central PMCID: PMC4103590.
20. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature methods. 2012; 9
(4):357–9. PubMed Central PMCID: PMC3322381. doi: 10.1038/nmeth.1923 PMID: 22388286
21. Segata N, Waldron L, Ballarini A, Narasimhan V, Jousson O, Huttenhower C. Metagenomic microbial
community profiling using unique clade-specific marker genes. Nature methods. 2012; 9(8):811–4.
PubMed Central PMCID: PMC3443552. doi: 10.1038/nmeth.2066 PMID: 22688413
22. Ye Y, Doak TG. A parsimony approach to biological pathway reconstruction/inference for genomes and
metagenomes. PLoS computational biology. 2009; 5(8):e1000465. Epub 2009/08/15. PubMed Central
PMCID: PMCPmc2714467. doi: 10.1371/journal.pcbi.1000465 PMID: 19680427
The gut microbiome of IBD relatives
PLOS ONE | DOI:10.1371/journal.pone.0172605 February 21, 2017 12 / 13
23. McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome data is inadmissible. PLoS
computational biology. 2014; 10(4):e1003531. PubMed Central PMCID: PMC3974642. doi: 10.1371/
journal.pcbi.1003531 PMID: 24699258
24. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome biology. 2014; 15(12):550. PubMed Central PMCID: PMC4302049. doi: 10.
1186/s13059-014-0550-8 PMID: 25516281
25. Oksanen J, Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson, G.L, Soly-
mos, P., Stevens, M. H. H., Wagner, H. vegan: Community Ecology Package, R Package version 2.2–
1. version 2.2–1 ed2015.
26. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of
microbiome census data. PloS one. 2013; 8(4):e61217. PubMed Central PMCID: PMC3632530. doi:
10.1371/journal.pone.0061217 PMID: 23630581
27. Legendre P, De Caceres M. Beta diversity as the variance of community data: dissimilarity coefficients
and partitioning. Ecology letters. 2013; 16(8):951–63. doi: 10.1111/ele.12141 PMID: 23809147
28. Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, Van Treuren W, Ren B, et al. The treatment-
naive microbiome in new-onset Crohn’s disease. Cell host & microbe. 2014; 15(3):382–92. PubMed
Central PMCID: PMC4059512.
29. Watanabe Y, Nagai F, Morotomi M. Characterization of Phascolarctobacterium succinatutens sp. nov.,
an asaccharolytic, succinate-utilizing bacterium isolated from human feces. Applied and environmental
microbiology. 2012; 78(2):511–8. PubMed Central PMCID: PMC3255759. doi: 10.1128/AEM.06035-11
PMID: 22081579
30. Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, et al. Population-level analysis of gut
microbiome variation. Science (New York, NY). 2016; 352(6285):560–4. Epub 2016/04/30.
The gut microbiome of IBD relatives
PLOS ONE | DOI:10.1371/journal.pone.0172605 February 21, 2017 13 / 13
